Scajaquada Creek, NY is an important urban stream in the Niagara River watershed, as it flows through suburban neighborhoods and high profile historical areas in the city of Buffalo. It is listed in the Department of Environmental Conservation's (DEC) statewide 2010 Section 303d List of Impaired Waters because of bacteria and dissolved oxygen impairments related to sewer overflows and urban runoff.
Scajaquada Creek, NY is an important urban stream in the Niagara River watershed, as it flows through suburban neighborhoods and high profile historical areas in the city of Buffalo. It is listed in the Department of Environmental Conservation's (DEC) statewide 2010 Section 303d List of Impaired Waters because of bacteria and dissolved oxygen impairments related to sewer overflows and urban runoff.
This project used PCSWMM to model the hydrology of the headwater areas of Scajaquada Creek, from Lancaster to the Buffalo city line. Eight cross sections were surveyed along Scajaquada Creek for model input and seven subbasins were delineated. Daily flow data from a United States Geographical Survey (USGS) gauge station located at the Buffalo city line for the years 1989, 1990, 1992 and 1994 were used to calibrate and validate the model. Linear regression and the Nash-Sutcliffe coefficient of efficiency were used to assess goodness of fit. Model parameter values were very stable from year to year; r 2 values between observed and modeled flows ranged from 0.63 to 0.66 and Nash-Sutcliffe values ranged from 0.60 to 0.76.
E. coli samples were collected at several sites along the creek, but most of the sampling focus to date has been at the USGS gauge station. Geometric mean E. coli levels in all seasons were higher at this site for storm events as compared to dry weather samples. Geometric mean E. coli levels during warmer months (May-early September) were higher for both storms (6 700 cfu/100 mL) and dry weather (54 cfu/100 mL) samples compared to colder months (February-April) .
A first order decay coefficient approach was used to model bacteria levels with acceptable planning level results. This basic model did not explicitly represent combined sewer overflows (CSOs) or storm water drainage systems for each municipality. However, such details could be included to further refine management decisions at the municipality level.
Our experience with Scajaquada Creek showed that PCSWMM can effectively represent flow and water quality in a mixed land use river with results that are comparable to those achieved using Hydrologic Simulation Program-Fortran (HSPF), but with less effort to operationalize the model.
Introduction
There is considerable interest in reinvigorating the Buffalo, NY economy through smart growth that includes numerous green initiatives, maintaining urban infrastructure (including sewers), and waterfront redevelopment, especially to make better use of open brownfields areas. Progress has been made towards environmental renewal, particularly in the case of the Buffalo River (e.g. Hartig, 2010), but it has been a long and complex process. As part of this process, the Buffalo Sewer Authority (BSA) initiated a long term control plan (LTCP) study in 2000 to begin specific plans for abating CSOs, as required by the USEPA Combined Sewer Control Policy of 1994 (e.g. Irvine et al., 2005a; 2005b; 2005c) . To help support the LTCP efforts, our group developed a watershed model application in HSPF as a means of evaluating contaminant loadings entering the Buffalo River area of concern (and sphere of BSA CSO discharges) from the upper watershed (Perrelli et al., 2005) . While it was an important step to take a watershed-wide approach to improve our understanding of pollutant dynamics, the integration of multiple model outputs was cumbersome, and certainly the BASINS (Better Assessment Science Integrating Point and Non-Point Sources) HSPF model we used would not easily be run by local municipalities (for example, to assess non-point source pollution).
In 1999, the USEPA established its MS4 (stormwater discharges from municipal separate storm sewer systems) requirements, and many municipalities in Erie County were subjected to developing stormwater management plans. These plans have been developed using a regional approach under the coordination of the Western New York Stormwater Coalition (e.g. Rossi et al., 2009 ) and efforts have included mapping all stormwater discharge points as well as implementing a cost effective illicit connection trackdown program (e.g. Irvine et al., 2011) . Within the next year, the Stormwater Coalition will begin mapping the surface and subsurface conveyance systems for the already-mapped outfalls.
The BSA, under Phase 2 of the LTCP, has modeled the downstream portion of Scajaquada Creek, from the city line to the outlet in Black Rock Canal (tributary to the Niagara River). The BSA also recently received a $712 500 award through New York state's Green Infrastructure Grant Program for sewer improvements in streets around Scajaquada Creek (Besecker, 2012) and there is increasing interest in improving water quality for the creek.
The objective of this study was to see if the Storm Water Management Model (SWMM) could be calibrated and applied within a mixed land use watershed, such as Scajaquada Creek, without considering the specifics of the piped conveyance system. If calibrated successfully, it is hoped that such a modeling approach could be effectively implemented as a planning, source trackdown (e.g. E. coli), and decision making tool in a more streamlined and cost effective way than the watershed-wide studies done for the Buffalo River (Perrelli et al., 2005) , while still maintaining accuracy and flexibility to account for future work. Although more traditionally known as an urban hydrologic-hydraulic model, SWMM has been used in mixed land use and rural watersheds (e.g. Smith et al., 2005; Tillinghast et al., 2011; Beling et al., 2011) , and provides the capability of representing complex stream cross sections.
The Scajaquada Creek Watershed
Scajaquada Creek is a 21 km (13 mi) urbanized stream with headwaters beginning in the Town of Lancaster. The creek flows westward through the Village of Depew, Town of Cheektowaga and the City of Buffalo. The stream flows below ground at various locations before it empties into the Niagara River via the Black Rock Canal. The history of Scajaquada Creek has been marked by channel changes and pollution as a result of increased population and urbanization. The creek has been channelized in several locations and concrete retention walls and berms have been created to reduce erosion and urban flooding.
During the 1920s, a 5 km (3.1 mi) section of Scajaquada Creek from the Buffalo city line to Forest Lawn Cemetery was routed underground ( Figure  1 ). The tunnel was constructed to improve sanitation and to control flooding. Residents living along the creek had been dumping garbage, dead animals and sewage into the stream for many years and the result was a health hazard and eyesore (Erie County Soil and Water Conservation District, 2002) . In the 1930s the tunnel was tied into the city's sewer system, and sewer lines that had previously crossed the tunnel were disconnected and directed into the tunnel. The beginning of the Scajaquada Creek tunnel at the Buffalo city line is the model outlet for the study area. This is also the location of the USGS gauge station that was used for model calibration. This study focuses on modeling the upstream portion of the watershed from its headwaters in Lancaster to the Buffalo city line (start of the Scajaquada tunnel). This portion of the creek is 16 km (10 mi) in length and the basin is roughly 4 046 ha (10 000 acre). The upper portion of the watershed is characterized by low density urban development and the remainder by mid-high density urban development. Buffalo Niagara International Airport is located at the northern edge of the watershed.
Impervious surfaces account for a significant portion of this urban watershed. Under average hydrologic conditions in the watershed daily mean flow from May to October is 13 cfs (368 L/s) with storm events reaching 330 cfs (9 345 L/s). Average rainfall in the watershed from May to October is 24.26 in. (61.62 cm).
Methodology

Data for Water Quantity Modeling
Soil data from the USDA Soil Survey of Erie County, NY (1986) was used to develop Green-Ampt infiltration parameters. The Green-Ampt method requires the specification of suction head (in.), conductivity (in./h) and initial soil moisture deficit (fraction). The PCSWMM User Guide (CHI, 2005) and Rawls et al. (1983) were used as guidance for setting values for these parameters. Soils in the watershed consist predominantly of silt loam from the Urban Land Odessa and Ovid soil series. Both soils are somewhat too poorly drained and nearly level. Elevation ranges in the project area from 720 ft (219.5 m) at the headwaters to 650 ft ( 198.2 m) at the model outlet at the USGS gauge station. The slopes of the basins range from 1.6% at the headwaters to 0.95% at the model outlet.
Precipitation data from the National Weather Service site located at the Buffalo Niagara International Airport were used as model input. Hourly precipitation data from May 1 to October 31 was used for model calibration and verification. Snow melt was not considered in this study.
The automatic watershed delineation tool in BASINS 4 was used to delineate the watershed using a 30 m Digital Elevation Model (DEM). Seven subbasins were created. Field work was conducted to obtain channel geometry for each subbasin. Cross sections were surveyed at each of the subcatchments. All cross sections were trapezoidal with the exception of the model outlet at the start of the Scajaquada Creek tunnel which is rectangular. Cross section widths ranged from 1 m (3.28 ft) at the headwater to 30 m (9.1 ft) at the outlet. All GIS layers were imported into PCSWMM.
Model Calibration and Validation
PCSWMM 2011 standard version was used for this project. The model was calibrated using data from the USGS gauge station located at the start of the Scajaquada tunnel. Average daily discharge (cfs) data are available from 1957 to 1994.
In order to evaluate the model under different climatic and soil conditions, three years were selected for calibration : 1990, 1992 and 1994 . These years represent average, wet, and dry hydrologic conditions in the watershed as shown in Table 23 .1. The model validation year, 1989, also represents an average hydrologic year in the watershed. The model was set up to run at 5 min time steps and reported at a 24 h time step. The Green-Ampt method was used for infiltration and the kinematic wave method was used for channel routing. Channel routing was modeled at a 5 s time step. The model was run from May 1 to October 31. Data for the first month were omitted from the statistical assessment of model results to allow for model startup.
Water Quality Data
Water samples were routinely collected once a week starting in February and continuing through September of 2010 at the start (site 1) and outlet (site 2) of the Scajaquada Tunnel. Samples were analyzed for E. coli using the Coliscan Easy Gel method. Citizen groups throughout the United States have successfully used the Coliscan Easygel system in monitoring programs (e.g. Alabama Water Watch, 1999; Virginia Citizen Water Quality Monitoring Program, 2003; Hoosier Riverwatch, nd; Alliance for the Cheasapeake Bay Citizens Monitor; and University of Vermont, 2003) .
In a separate study a side by side comparison of results using Coliscan Easy Gel and standard membrane filtration analysis was conducted and a regression correlation of 0.98 was found over a range of 0 cfu/100 mL to 116 000 cfu/100 mL (Irvine et al., 2011) . Under dry weather conditions, a 1.0 mL sample of water was collected at each site using sterile grab sample techniques. During storm event sampling 0.032 3 mL was collected. All samples were kept on ice in the field and plated in the Water Quality Laboratory at Buffalo State University within 4 h of collection. Samples were counted after 48 h.
Results
Scajaquada Creek Flow Modeling
The modeled results were compared to the observed flow data at the USGS gauge station. These data were used for calibration and verification of the model. In the calibration process overland flow length and percent impervious were found to be the most sensitive parameters and are common tuning parameters in SWMM (USACE, 2011).
Various goodness of fit measures are reported in the literature, but linear regression and the Nash-Sutcliffe coefficient are most commonly used. Values for the Nash-Sutcliffe can range from -∞ (poor) to 1 (perfect). This statistic is useful in identifying systematic bias in the model (i.e. over-or underestimation) even when the r 2 from linear regression is high (Carrubba, 2000) . It has also has been suggested (Carrubba, 2000) that because flow generally is not normally distributed, regression between the observed and modeled values should be based on the log-transformed data.
Goodness of fit measures for the calibration runs of daily mean flow for 1990, 1992, 1994 and the validation run of 1989 are shown in Table 23 .2. The modeled values were representative of baseflow conditions, but underestimate some of the high flow conditions. A review of calibration hydrographs shows that some larger storm events were under-predicted during all model years. Storm events that have observed flows of 150 cfs (4 248 L/s) and larger are generally not well represented in the model. Rainfall associated with these events is typically greater than 2.0 in. (51 mm). For example, the event in late June of 1994 has an observed flow of 331cfs (9 373 L/s) and associated rainfall of 2.70 in. (6.85 cm), yet modeled flow is 185 cfs (5 239 L/s) for this event. It is unlikely that inaccurate precipitation data is the cause of the under-prediction of storm event flow.
This model did not consider inputs from any drainage systems which may be influencing storm flow particularly if the response is non-linear. The model verification year of 1989 shows these same trends (Figure 23.3) . In all modeled years the response time of storm events is well captured by the model with rising and falling limbs corresponding to the observed storm event pattern. Figure 23 .4 shows E. coli results for sites 1 and 2. Site 1 represents input from all suburban areas upstream of the Buffalo city line and site 2 includes the city of Buffalo's CSO discharges. The all season geometric mean for E. coli at site 1 is 275 cfu/100 mL compared to site 2 which has a geometric mean of 451 cfu/100 mL. The peaks in the graph indicate storm events. Site 2 displayed higher bacteria counts during storms because of its location downstream of the CSO inputs. Geometric mean E. coli levels during warmer months (May through early September) were higher for both storm (6 700 cfu/100 mL) and dry weather (54 cfu/100 mL) samples compared to colder months (February through April). 
E. Coli Levels
E. Coli Model Results
E. coli data were modeled as a function of total suspended solids (TSS) buildup and washoff that were determined experimentally and reported by Chaosakul et al. (2010) . The model was run using a typical bacteria decay coefficient of 0.8 (Thomann and Mueller, 1987; Manache et al., 2007) . While this approach may seem simplistic, the data needed to implement other approaches were not available. Data for E. coli on Scajaquada Creek were only available for 2010 and therefore PCSWMM was set up using the 1990 calibration values for hydrology and E. coli was modeled for 2010. Figure 23 .5 represents modeled and observed E. coli levels at the inlet to the tunnel for 2010. Despite the uncertainty in decay coefficients and build up assumptions the model provides a good representation of E. coli values in the creek at this point. This is particularly useful for municipalities to know they can quickly set up model with some confidence and get reasonable planning level estimates. 
Discussion and Conclusion
Overall, PCSWMM can effectively represent flow and water quality in a mixed land use river. Model results are comparable to other model runs for watersheds both in this region and at other locations in North America using HSPF and SWAT (e.g. Laroche et al., 1996; Carrubba, 2000; Love and Donigian, 2002; Perrelli et al., 2005; Gould et al., 2010) . Interestingly, the 1990 PCSWMM calibration values worked equally well for all other model years. A better fit could not be achieved by further adjusting the 1990 calibration parameters. Larger storm events on the creek were generally underestimated, but the model was developed for continuous simulation and not specific storm events. Adjusting calibration values to match storm event peaks results in an overestimation of baseflow conditions on the creek.
The model can also effectively model E. coli at a planning level. The E. coli modeling results were quite good and might be further refined with a larger observed data set. E. coli is a major pollutant of concern on Scajaquada Creek and to date much effort has been focused on the downstream portion of the watershed. The City of Buffalo is working on the Phase 2 LTCP for CSO abatement, and water quality issues on Scajaquada Creek have been a recent topic of interest among local stakeholders. The downstream portion of Scajaquada Creek is used for a variety of recreational activities such as fishing and canoeing. The cleanup and restoration of the creek have become a community priority. However it can be seen that upstream values of E. coli can be high. It is necessary to take a watershed approach to urban stream restoration and there may be renewed emphasis on source trackdown and storm water management, given the recent court ruling that the New York State Department of Environmental Conservation needs to take a stronger oversight role in the Phase 2 MS4 permit plans (Thomson Reuters, 2012) .
Because of the flexibility of the PCSWMM model, sewer and storm sewer drainage networks can be added to the model, which is not an option for non-urban based models such as HSPF and SWAT. With these additions, the model can be used to assist local municipalities in meeting Phase 2 stormwater regulations for MS4 permits. It was found that PCSWMM is less labor intensive and not as over-parameterized as are some other physically based models such as HSPF, yet it still provides good and robust results.
In order to improve model calibration results we may change the routing methodology used in PCSWMM. The model currently uses the kinematic wave equation which is computationally fast, but cannot account for backwater effects. Flow that exceeds the full flow Manning value is either lost from the system or ponded at the inlet node. Occasional small scale flooding in localized areas on Scajaquada Creek does occur during large storm events. The dynamic wave method may improve model results as it routes non-steady flows and has the ability to model backwater effects. There were some continuity errors in the model, and using a smaller time step and the dynamic wave routing method may improve model results (USACE, 2011) .
It has also been suggested that further discretization of the watershed into smaller subbasins may improve model results. In USACE 2011, target basin size in urban areas was 45 acres (18 ha) and larger in areas that were not drained by storm sewer systems. Average basin size for the Scajaquada Creek model is 1 368 acres (553 ha). It may be that these large basins in high density urban areas are not performing well given the large volume of stormwater runoff.
